INTRODUCTION
Expression of genes for fibrillar collagens has proven to be difficult in recombinant systems, apparently because biosynthesis of the proteins requires processing by eight or more specific posttranslational enzymes (Prockop and Kivirikko, 1984) . In particular, post-translational modification ofthe nascent proa chains of the proteins by prolyl 4-hydroxylase appears critical, as the chains cannot fold into a triple-helical conformation that is stable at 37°C unless about 100 prolyl residues are converted into hydroxy-4-prolyl residues. Hybrid recombinant procollagens I have been synthesized in two different systems. In one system, Movl3 mouse fibroblasts that did not synthesize proa l(I) chains were transfected with a gene for proaI(I) chains, and hybrid molecules ofrecombinant proal(I) chains and endogenous mouse proa2(I) were generated (Schnieke et al., 1987) . In similar experiments, rat fibroblasts that did not synthesize proa2(I) chains were transfected with a gene for proa2(I) chains, and hybrid molecules of procollagen I were synthesized (Lee et al., 1989) .
Recently, we described a system in which the COL2AI gene for human procollagen II was expressed in stable transfectants of mouse NIH 3T3 cells . The constructs used in the experiments contained a 5' fragment from the COLIAI gene that extended from -500 to + 1445 bp of the gene and therefore contained part of the promoter region, the first exon and most of the first intron. The 5' fragment from the COLIAJ gene was ligated to a 14 kb and a 12 kb SphI fragment which together contained most of the human COL2AJ gene.
analysis of procollagen II that was converted into collagen II by digestion with procollagen N-and C-proteinases. Also, analysis of the carbohydrate content indicated that there was glycosylation of some of the hydroxylysine residues but no evidence of post-translational overmodification of the residues. In addition, the protein was shown to Prockop, unpublished work) . Therefore we have examined the possibility of expressing the human COL2AI gene in HT1080 cells, a human tumour cell line that synthesizes the collagen IV found in basement membranes but not any fibrillar collagen (Tryggvason et al., 1980; Pihlajaniemi et al., 1981 ). The results demonstrate that considerable amounts of human procollagen II can be generated by the system, and that the recombinant protein can be effectively purified from the medium.
MATERIALS AND METHODS
Design and preparation of DNA constructs Two cosmid constructs were prepared which contained most or all of the human COL2AI gene (Barsh et al., 1984; Sangiorgi et al., 1985; Stoker et al., 1985; Elima et al., 1987; D'Alessio et al., 1988; Ala-Kokko and Prockop, 1990a,b; Chu and Prockop, 1993) linked to either a COLJAJ promoter or a COL2AJ promoter. The COL2AI gene was inserted into each construct as $ To whom correspondence should be addressed. a 14 kb SphI-SphI fragment and a 12 kb SphI-SphI fragment isolated from a genomic cosmid library (Ala-Kokko and Prockop, 1990a,b) . Both the constructs were assembled in the previously modified pJB8 cosmid vector (Ala-Kokko and Prockop, 1990a,b) .
In the COLIAJ promoter construct, the 5' end of the construct was a 2 kb SphI-HindIII fragment from the human COLIAI gene which extended from -500 to + 1445 bp of the COLIAI gene (Barsh et al., 1984; D'Alessio et al., 1988; Chu and Prockop, 1992) . The 3' end of the construct was a 3.5 kb SphI-SphI fragment which extended beyond the 3' end of the COL2AI gene (Ala-Kokko and Prockop, 1990a,b) . For assembly of the construct, the Sphl site at the 5' end of the 2 kb SphI-HindIII fragment from the COLIAI gene and the SphI site at the 3' end of the 3.5 kb SphI-SphI fragment from the COL2AJ gene were converted into Sall sites. The HindIII site of the 2 kb Sall-HindIll fragment was then converted into a SphI site. In the first assembly step, the 2 kb SalI-SphI from the COLIA1 gene and the 3.5 kb SphI-SalI fragment from the COL2AJ gene were assembled by three-way ligation into Sall site of the modified pJB8 cosmid vector. In the second assembly step, the 14 and 12 kb SphI-SphI fragments from the COL2AI gene were inserted by three-way ligation into the SphI site of the construct obtained in the first step.
In the COL2AI promoter construct, the 5' end of the construct was an 8 kb XbaI-SphI fragment of the human COL2AJ gene obtained from a KFE1 cosmid clone (Sangiorgi et al., 1985) . For the assembly of the construct, the XbaI site at the 5' end of the 8 kb XbaI-SphI fragment and the SphI site at the 3' end of the 12 kb SphI/SphI fragment were converted into Sall sites. The three fragments (8 kb SalI-SphI, 14 kb SphI-SphI and 12 kb SphI-SalI) were assembled by four-way ligation into the Sall site of the modified pJB8 cosmid vector (Ala-Kokko and Prockop, 1990a,b) .
Cell culture and transfectlon
Human kidney tumour cells (HT1080; A.T.C.C., CCL 121) were grown in Dulbecco's modified Eagle's medium supplemented with 10 % (v/v) fetal calf serum (Gibco/BRL) on 90 mmdiameter plastic tissue culture dishes. The procollagen gene constructs were cleaved from the vector with Sall without isolation of the gene from the vector. The neomycin-resistance gene construct (Law et al., 1983) Fiedler-Nagy et al., 1982) . Procollagen II and collagen IV were collected in the flow-through fraction and loaded on to a column (1.5 cm x 2 cm) of Q-Sepharose (Pharmacia) in the same buffer. Collagen IV was collected in the void volume. The procollagen II was eluted from the Q-Sepharose column with 0.4 M NaCl and immediately dialysed against 200 vol. of storage buffer before concentration to about 0.5 mg/ml on a membrane filter (Amicon YM-100) under a pressure of 48.3 kPa. The proteins were analysed by electrophoresis in SDS using 6 % polyacrylamide gels. Radiolabelled proteins were visualized with a phosphor storage imager (Phosphorlmager; Molecular Dynamics) or by staining with Coomassie Brilliant Blue (Sigma). Specific radioactivity of the 14C-labelled procollagen II was determined by the hydroxyproline assay (Woessner, 1961) and by assuming 9.40% of hydroxyproline by weight for type-II procollagen (Fiedler-Nagy et al., 1982) . The proteinase at 32°C for 5 h and with the C-proteinase at 37°C for 5 h, and the digestion products were assayed by PAGE (Hojima et al., 1985 (Hojima et al., , 1989 . fugation (Sambrook et al., 1989) . Total RNA was used to synthesize cDNA (Gubler and Hoffman, 1983) . For nucleotide sequencing, double-stranded DNAs from the phagemid were sequenced by the dideoxy method with T7 DNA polymerase (Sanger et al., 1977) . The amino acid composition was determined for us by the Wistar Protein Microchemistry Core Facility, Philadelphia, PA, U.S.A. The carbohydrate content of the pCcollagen II was determined by chromatographic methods (Anumula and Taylor, 1991) developed for the separation and characterization of acidic (sialylated) and neutral (asialo-complex and high-mannose) oligosaccharides released from glycoproteins with peptide Nglycosidase F, endo-,f-N-acetylglucosaminidase F and endo-/?-N-acetylglucosaminidase H using a carbohydrate analyser (Dionex BioLC). All the carbohydrate separations were carried out on a polymetric pellicular anion-exchange column HPIC-AS6/CarboPac PA-1 (Dionex) using only two eluents, namely, 0.5 M NaOH and 3 % acetic acid/NaOH, pH 5.5, which were mixed with water to generate various gradients. Developed conditions for quantitative detection of carbohydrates with pulsed amperometry were necessary to obtain steady baselines at 0.1-0.3 #A output with suitable sensitivity ( < 5 pmol) in separations employing a variety of acidic and alkaline sodium acetate gradients.
Thermal-stability assay u4C-labelled procollagen II was digested to collagen II by pepsin, and the thermal stability of the triple helix was assayed by rapid digestion with trypsin and chymotrypsin . In brief, the samples were dissolved in 0.4 M NaCl plus 0.1 M Tris/HCl buffer at pH 7.4. They were preincubated at the indicated temperatures for 6 min and then digested for 2 min with 100 ,tg/ml trypsin and 250,ag/ml chymotrypsin (Sigma).
The digestion was terminated by addition of 0.1 vol. of 5 mg/ml soya-bean trypsin inhibitor (Sigma). The samples were dissolved in hot sample buffer, heated at 100°C for 2 min, and assayed by electrophoresis in SDS on a 6 % polyacrylamide gel. 14C-labelled collagen II isolated from chick sterna Prockop, 1982, 1984) was used as a control.
Cleavage with procollagen N-and C-proteinases Purified 14C-labelled procollagen II was used as a substrate for procollagen N-proteinase and procollagen C-proteinase purified from chick embryo tendons (Hojima et al., 1985 (Hojima et al., , 1989 . The assay system was 40 ,cd containing 10 ,ug/ml procollagen, 150 mM Copy number of the type-Il gene construct in the clones To measure the copy number of the exogenous gene construct, genomic DNA was isolated from several independent clones of transfected cells synthesizing procollagen II. The DNA was isolated by chloroform/phenol extraction and ethanol precipitation on a workstation (Genepure 341; Applied Bio-Systems). The purified DNA was digested with EcoRI and used for Southern-blot analysis. For analysis of the construct containing the COLIA] promoter, the filter was probed with the 3.5 kb SphI-SalI fragment from the 3'end of the construct (Figure 1 ) which was labelled with [32P]dCTP using a random priming kit (Stratagene). The probe hybridized with a 4.3 kb EcoRI band from the endogenous COL2AI gene and a 6.6 kb EcoRI band from the 3' end of the exogenous COL2AI gene. The filters were analysed on a phosphor storage imager, and the ratio of the 6.6 kb band to the 4.3 kb band was used to estimate the copy number of the transfected gene. For analysis of cells transfected with the construct containing the COL2AI promoter, the filter was probed with the 8 kb SalI-SphI fragment from the 5' end of the construct (Figure 1) 
RESULTS

Stably transfected cells
In the first series of experiments, a construct of the human COL2AI gene with the COLIA] promoter (Figure 1 ) was used to transfect HT1080 cells. The promoter fragment included about 0.5 kb of the 5' flanking region, the first exon and most of the first intron . The promoter fragment was ligated through an SphI site in intron lB in the COL2AI gene to fragments that contained most of the human COL2AJ gene and that extended about 3.5 kb beyond the second polyadenylation signal. About 100 clones resistant to G418 from each of three separate transfection experiments were analysed (Table 1) . From 97 to 110 clones resistant to G418 from three separate transfections were grown in 9.6 cm2 wells, and the Table 1 Clones resistant to G418 and clones secreting procollagen 11
Medium from clones grown in 9.6 cm2 wells was assayed for secretion of procollagen 11 by Western blotting as shown in medium was assayed for secretion of procollagen II by Western blotting (Figure 2 ) and analysis of radiolabelled proteins ( Figure  3 ). From one to three per 100 clones resistant to G418 were found to secrete procollagen II (Table 1) . In subsequent experiments, a similar construct containing the promoter of the COL2AJ gene was employed. The construct contained about 4 kb of the promoter region and the complete human COL2AJ gene ending 80 bp beyond the second polyadenylation site (Figure 1) . From 67 to 116 clones resistant to G418 from each of three separate transfections were analysed (Table 1) . Again, about two per 100 clones resistant to G418 were found to synthesize and secrete procollagen II.
Purfflcation of the recombinant procollagen 11
To purify the recombinant procollagen II, clones of cells synthesizing the protein were grown in about one hundred 175 cm2 flasks. Proteins secreted into the medium by the cells were then purified chromatographically. As noted in Figure 3 , the medium proteins included fibronectin and the al(IV) and a2(IV) chains of collagen IV. As an initial step in the purification, the proteins were passed through a DEAE-cellulose column equilibrated with buffer containing 0.2 M NaCl (Peltonen et al., 1980; FiedlerNagy et al., 1982) . The proteins in the medium were all eluted in the flow-through fraction and the column was employed primarily to remove unlabelled anionic materials that interfered with subsequent chromatographic separations (Fiedler-Nagy et al., 1982). In a second step, the proteins were chromatographed on a column of DEAE-cellulose equilibrated with 2 M urea and 2 mM EDTA in 75 mM Tris/HCl buffer, pH 7.8. Fibronectin and other proteins bound to the column but collagen IV and procollagen II were eluted in the flow-through fraction. In a third chromatographic step, the proteins recovered in the flow-through fraction from the second DEAE-cellulose column were chromatographed on a column of Q-Sepharose. The procollagen II was tightly bound by the column and was eluted with 0.4 M NaCl. The recombinant procollagen II was recovered as a single protein (lane 5 in Figure 4) .
As assayed by hydroxyproline content, the yield of purified procollagen II was about 1 mg from about one hundred 175 cm2 flasks. The recovery through the purification steps was about 50 % and the initial concentration of procollagen II in the culture media was estimated to be about 0.6 mg/l. Characterization of the protein by cDNA sequencing, amino acid composition and carbohydrate content To characterize the recombinant protein, RNA was isolated from the clones used to prepare the recombinant procollagen II, the mRNA was transcribed into cDNA and the cDNA was sequenced. Sequencing of all the bases encoding the proal(II) chain demonstrated that the nucleotide sequence was the same as described previously except for a single base substitution in the N-propeptide which converted the codon (-CCT-) for proline at positions + 72 in the preproa l(II) chain into -CAT-, the codon for histidine.
To characterize the recombinant protein further, procollagen 1I secreted by the cells was purified, and converted into collagen II by cleavage with procollagen N-and C-proteinases. Collagen II was precipitated by centrifugation, and its amino acid composition was determined. The observed amino acid composition was consistent with the values for amino acid composition of collagen II reported for pepsin-treated samples of the protein (Piez, 1984, and than the values reported for al(II) chains isolated from cartilage (Piez, 1984) . As the glucose in collagen II and procollagen II is found as glucosyl-al,2-galactosyl-,8-hydroxylysine, the results demonstrated that some of the hydroxylysyl residues were glycosylated but they were not overmodified by the posttranslational reactions. The presence of mannose, N-acetylglucosamine and fucose is consistent with previous indications that the C-propeptide of fibrillar procollagens contains a mannose-rich oligosaccharide (see Clark and Kefalides, 1976) .
Assays of conformational Integrity of the recombinant procoliagen 11
The conformational integrity of the recombinant procollagen II was assayed by a series of protease digestions. In one series of experiments, the thermal stability of the triple helix was assayed by brief protease digestion with high concentrations of trypsin and chymotrypsin . As indicated in Figure 5 , the triple helix of recombinant collagen II had an apparent melting temperature of about 41°C, a value that was the same as that of control collagen II isolated from the sterna of chick embryos, and consistent with previously reported values for collagen II (Bachinger and Morris, 1990) . Also, no difference in apparent melting temperature was seen between procollagen II purified from a clone of cells transfected with the two promoter constructs.
In further experiments, recombinant procollagen II was tested as substrate for procollagen N-proteinase and procollagen Cproteinase from chick embryo tendons ( Figure 6 ). The sizes of the fragments generated by digestion with the N-proteinase were consistent with the conclusion that cleavage occurred at the single N-proteinase-cleavage site in the protein so that pCa chains of pCcollagen were generated (lane 3). The sizes of the fragments generated by digestion with the C-proteinase were consistent with the conclusion that cleavage occurred at the Table 4 Copy number and secretion of procollagen 11 by clones of transfected cells
Values for the ratio of procollagen 11 to collagen IV in the medium were obtained by 14C-labelling of clones grown on 9.6 cm2 plates, (NH4)2SO4 precipitation of the medium proteins, separation of the proteins by SDS/PAGE and assay of the 14C-labelled bands on a phosphor storage imager (see the text and Figure 3 ).
Copy
Ratio single C-proteinase-cleavage site in the protein so that pNa chains of pNcollagen were generated (lane 2).
Gene copy number of expressing clones Lee and Piez, 1983; Curran and Prockop, 1984; Bachinger and Morris, 1990) . Also, the extracted collagen II is frequently partially cleaved in the telopeptide regions, and monomer preparations isolated from the extracts are frequently contaminated by covalently cross-linked oligomers (Lee and Piez, 1983) . Partial cleavage of the telopeptides and the presence of oligomers has made it difficult to obtain reproducible data on the self-assembly of collagen II into fibrils. Isolation of homogeneous preparations of procollagen II have proved to be equally difficult. Small amounts of the protein can be obtained from cell cultures of chondrocytes (Curran and Prockop, 1984) but chondrocytes are poorly amplified in culture, and they frequently dedifferentiate so as to cease synthesis of procollagen II and other cartilage-specific macromolecules Aulthouse et al., 1989 (Francomano et al., 1987; Palotie et al., 1989; AlaKokko et al., 1990; Anderson et al., 1990; Tiller et al., 1990; Vissing et al., 1990; Ahmad et al., 1991; Kuivaniemi et al., 1991) . Establishing the causal relationship between mutations in the gene and the biological function of the protein, however, has proved difficult because of the inaccessibility of the human protein.
The system for expressing the human COL2AI gene described here overcomes most of these problems. Expression of the COL2AJ gene in HT1080 cells made it possible to purify the protein from culture medium, and milligram quantities of the protein were obtained. The protein was shown to have a native conformation in that the triple helix had a normal thermal stability as assayed by brief protease digestion. Also, it was appropriately cleaved by procollagen C-proteinase and, most importantly, by procollagen N-proteinase which has a specific requirement for a procollagen substrate with a native conformation (see Hojima et al., 1989) . Therefore the system can provide adequate amounts of native recombinant procollagen II for studying self-assembly of collagen II into fibrils by cleavage of the procollagen with specific proteinases (Kadler et al., 1990) . Also, the potential for expressing mutated COL2AI genes in the same system makes it possible to examine the effects of mutations that change the primary structure of the protein on its biological function (Torre-Blanco et al., 1992) .
In previous experiments on expression of the COL2A I gene in mouse NIH 3T3 cells , the constructs contained about 0.5 kb of the promoter region, the first exon and most of the first intron of the COLIA1 gene. As NIH 3T3 cells normally synthesize procollagen I, it was assumed (Ala-Kokko et al., 1991) that expression of the procollagen II gene was obtained because the construct contained a promoter from a gene normally expressed in the same cells. The results here, however, demonstrate that a promoter of an endogenously expressed gene is not essential to obtain expression in stably transfected cells. Instead, the site of integration is probably more critical than the structure of the promoter. HT1080 cells synthesize collagen IV and therefore they contain the post-translational enzymes required for hydroxylation and glycosylation of collagens (Tryggvason et al., 1980; Prockop and Kivirikko, 1984; AlaKokko et al., 1991) . This feature of the cells is probably essential to obtain expression of a collagen or procollagen gene. However, clones synthesizing procollagen II were obtained with constructs containing either a COLIAJ promoter or a COL2AJ promoter, even though the endogenous genes for these fibrillar procollagens are not expressed in HT1080 cells. Moreover, only 0.5 kb of the promoter was present in the COLIAJ promoter construct even though previous experiments with transient cell transfection and transgenic mice suggested 2.5 kb or more of the COLIAJ promoter may be necessary for correct expression of the gene (see Boast et al., 1990; Slack et al., 1991; Pavlin et al., 1992) . In addition, the results with both constructs indicated that the level of expression in clones found to synthesize the recombinant protein was closely related to gene copy number. In previous experiments with the COLIAJ promoter construct (Olsen et al., 1991; Ala-Kokko et al., 1991), no relationship was seen between copy number and level of expression. The difference from the observations here was that randomly selected G418-resistant clones were compared in the previous experiments, whereas here only the subset of G41 8-resistant clones that secreted procollagen II were compared. Overall therefore the results indicate that if stably transfected cells are screened for clones expressing an exogenous gene, a subset of clones can be obtained that express the gene in a copy-dependent manner even if it contains a constitutively inactive promoter. Within the content of such experiments, the site of stable integration of the foreign gene is apparently far more important than the cis-regulatory elements.
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